The study is focused on the improvement of the free electron mobility in Al-doped ZnO films grown by reactive pulsed magnetron sputtering. At optimum growth conditions low-absorbing films are obtained with a Hall mobility of 46 cm 2 V −1 s −1 , a free electron density of 6.0ϫ 10 20 cm −3 , and an electrical resistivity of 2.26ϫ 10 −4 ⍀ cm. The relation between the mobility and free electron density for different growth conditions is discussed in terms of ionized impurity scattering, impurity clustering, and grain boundary limited transport. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3074373͔
using ceramic targets and deposition at substrate temperatures T S Ͼ 200°C. Films grown by reactive pulsed MS ͑RP MS͒, which would override both PLD and rf MS in terms of scalability and cost efficiency, respectively, by now showed mobilities limited to e ϳ 28 cm 2 V −1 s −1 . 6, 7 In contrast to PLD and rf MS, the RP MS uses metallic targets being sputtered in a mixture of Ar and O 2 . This offers the possibility to precisely vary the oxygen to metal flux ratio, which may serve as an additional optimization parameter to increase e by controlling the film stochiometry and the local bonding arrangement around the dopant atom. Nevertheless, this potential advantage remained unexplored due to limited understanding of the mechanisms that control the generation and transport of the free electrons in AZO and their relation to the deposition conditions. The present study focuses on the effect of in situ controlled variation in the oxygen partial pressure during RP MS on the free electron mobility of AZO thin films grown at different Al concentrations and substrate temperatures.
AZO films were deposited by RP MS using two 2 in. unbalanced magnetrons ͑FHR, Germany͒ operated in parallel. 8 Three sets of Zn-Al alloy targets were used with different Al concentrations ͑c Al ͒ of ϳ1.7, 4.7, and 8.7 at. %, as determined by energy dispersive x-ray spectrometry ͑EDX͒. All films were grown on fused silica 7 ϫ 7 ϫ 0.5 mm 3 substrates, whose temperature was varied in the range of T S = 22-520°C using a substrate holder with a boralectric heater ͑Tectra, Germany͒. Before each deposition run, the chamber was baked for several hours at ϳ90°C and then cooled down to RT to reach a base pressure of 1.0 ϫ 10 −7 mbar. With the substrate covered by a closely mounted shutter, the magnetron targets were initially presputtered in pure Ar for 5 min, followed by a stabilization of the discharge current and the gas partial pressures under the addition of O 2 . A fixed Ar flow rate of 105 sccm was employed. Using a capacitance gauge ͑Pfeiffer CMR 275͒ the total Ar and O 2 pressure was monitored precisely. For each run, the total pressure during presputtering in Ar only ͑p 1 ͒, during deposition in Ar and O 2 ͑p 2 ͒, and after deposition in Ar and O 2 with switched off magnetrons ͑p 3 ͒ was determined. Depositions were carried out at p 2 values in the range of 1.85-2.00ϫ 10 −2 mbar. The oxygen partial pressure during film growth was calculated as p O 2 = p 2 − p 1 . An error of ϳ5% in p O 2 is attributed mainly to a limited stability of the gas flow controllers. The long-term stability of the Ar and O 2 partial pressures during deposition was controlled by a differentially pumped quadrupole mass spectrometer ͑HIDEN RGA 201͒.
The magnetrons were operated in constant voltage mode ͑cathode voltage U Յ 750 V͒ with a pulse frequency of f = 2 kHz. At fixed pumping speed the resulting discharge current and power depend strongly on the oxygen partial pressure p O 2 . While the oxygen gas flow ͑⌽ O 2 ͒ controls the total amount of oxygen available for the reactive process, a fine tuning of p O 2 was performed by varying the magnetron voltage at constant ⌽ O 2 . This is based on the gettering of reactive gas by the sputtered metal, a characteristic feature of reactive MS. The final p O 2 value depends on the total amount of sputtered metal, which can be controlled by changing U, because the sputtering yield of Zn and Al monotonically increases with rising energy of the Ar ions below 1 keV. 9, 10 After determining the optimum p O 2 value, denoted as p O 2 ‫ء‬ , corresponding to a certain magnetron voltage at given ⌽ O 2 , it was used to grow samples at different substrate temperatures. The film thickness ͑300-400 nm͒, the refractive index, and the extinction coefficient were determined by spectroscopic ellipsometry ͑M-2000, J.A Woolam, Inc.͒. Hall effect measurements in van der Pauw geometry ͑HMS 3000, ECO- PIA͒ were carried out at a magnetic flux density of 0.51 T and RT, from which the free electron density N e , the Hall mobility e , and the film electrical resistivity were derived. The samples were contacted by gold-plated clamps providing Ohmic contacts without any additional contact deposition or bonding. Compositional analysis of the films was performed by means of elastic recoil detection analysis ͑ERDA͒ using 35 MeV Cl 7+ ions. The film structure was analyzed by x-ray diffraction ͑XRD͒ using a D8 ͑BRUKER AXS͒ step scan diffractometer with Cu K␣ radiation The size of coherently diffracting domains, i.e., the coherence length L indicative of the grain size, was estimated from the wurtzite ZnO ͑002͒ peak using the Scherrer formula. Figure 1 shows a typical dependence of the AZO film N e , e ͑a͒, and ͑b͒ on the oxygen partial pressure p O 2 adjusted by a variation in the target voltage in the range from 540 to 660 V using a constant oxygen flow of ⌽ O 2 = 3.1 SCCM. The data are shown for films grown at T S = 350°C from targets with c Al = 1.7 at. %. In this case, a maximum of e ϳ 40 cm 2 Figure 2 shows the dependence of the electrical properties ͓͑a͒ and ͑b͔͒ and coherence length L ͑c͒ on T S for another set of films grown at c Al = 4 A steep decrease in the mobility is observed both below and above the optimum temperature with a similar trend for the free electron density. This leads to a characteristic ͑T S ͒ dependence with a minimum resistivity at T S ‫ء‬ . Strongly absorbing films form at T S Յ 100°C, while at higher temperatures low resistivity and transparent films are obtained. The AZO film with the lowest resistivity exhibits an absorption coefficient of ␣ = 460 cm −1 at a wavelength of 550 nm.
According to the XRD data all AZO films show a pronounced c-axis texture, resulting in a strong ͑002͒ peak corresponding to wurtzite ZnO. The dependence of the coherence length L on T S ͓Fig. 2͑c͔͒ qualitatively resembles that of electrical properties, but the maximum L is reached already at T S Ͻ T S ‫ء‬ . Thus, although the decreasing e values above T S ‫ء‬ are consistent with a decreasing crystallite size, the observed e ͑T S ͒ cannot be directly related to the change in crystallinity.
Figure 3 sorts all present data for different target compositions and depositions conditions in a plot of the free electron mobility versus the free electron density. The figure shows a semiempirical model for ionized impurity scattering and impurity clustering developed by Masetti et al., 11 which has been evaluated using parameters for AZO given in Ref.
At free electron densities between 10
19 and 10 21 cm −3 , the result sets a practical limit of e ϳ 55 cm 2 V −1 s −1 to the ionized impurity scattering mobility, which is consistent with the highest value achieved in our work. The model even slightly underestimates the attainable mobility at N e ϳ 6 ϫ 10 20 cm −3 , while at higher free electron densities the calculated mobility is limited to ϳ15 cm 2 V −1 s −1 due to the onset of ionized impurity clustering. A competing description of grain barrier limited transport in polycrystalline materials has been published by Seto. 12 Depending on the areal density of traps N T in the disturbed regions between the grains and the carrier density inside the grains, the traps can be partly or completely filled, leading to varying barrier heights B and widths. Electrons can surmount these barriers by thermionic emission. In the case of TCOs ͑LN e Ͼ N T ͒, the mobility is given by 12 Seto 
where 0 represents the in-grain mobility. In contrast to the model of Masetti et al., 11 Eq. ͑1͒ results in a decreasing mobility with decreasing N e values and is valid only at N e Ͻ 6 ϫ 10 20 cm −3 , where impurity clustering does not occur. As can be seen in Fig. 3 , most of the e ͑N e ͒ data for the target composition of c Al = 1.7 at. % are limited by either mechanism. The limiting data points for c Al = 1.7 at. % below N e =6ϫ 10 20 cm −3 have been fitted using the Seto 12 model ͑1͒. Although 0 and N T are interdependent, it is possible to extract both values because they affect slope and position of Seto ͑N e ͒, respectively. A rough best fit yields 0 = 75-90 cm 2 V −1 s −1 and N T = ͑1.60-1.75͒ ϫ 10 13 cm −2 . The latter is in good agreement with data reported by Ellmer and co-worker 5, 13 for AZO films grown by MS. Still, our highest mobility values are about a factor of two smaller than the in-grain mobility 0 due to the contribution of electron scattering inside the bulk of the grains at dislocations and point defects, which is not considered in the idealized Seto 12 model. Similar experimental in-grain mobilities of ϳ100 cm 2 V −1 s −1 , which are close to our estimated 0 values, have been obtained by spectroscopic ellipsometry.
14 Finally, the significant decrease in the maximum attainable mobility at N e Ն 6 ϫ 10 20 cm −3 for the larger Al fractional compositions is qualitatively consistent with the harmful role of Al impurity clustering.
A general trend of increasing optimum e values along with improving of the film crystallinity toward lower c Al has been observed ͑Table I͒. According to ERDA data, the Al concentration in the films at T S = T S ‫ء‬ agrees with that in the target within the error limits. Thus, the Al donor activation rate even decreases with increasing c Al because higher c Al does not lead to higher optimum N e values. Taking into account recent studies suggesting a solubility limit of 3 at. % for Al in ZnO, 15 the trend in e can be understood assuming that at c Al Ͼ 3 at. %, there is an excess of electrically inactive Al, which might locally drive the formation of ZnO-Al 2 O 3 homologous phases 15 and affect film electrical properties by increasing the free electron scattering.
In summary, a fine tuning of the oxygen partial pressure using gettering of O 2 by sputtered metal atoms, along with substrate temperature variation, yielded AZO films with the highest mobility values so far reported for the present deposition technique. The best value of 46 cm 2 V −1 s −1 is comparable to the highest values achieved in AZO films grown by techniques that are less efficient in terms of either scalability or cost, and is approaching the practical limit of 55 cm 2 V −1 s −1 . Depending on the free electron density and the aluminum content, the electron mobility is either controlled by ionized impurity scattering in connection with impurity clustering or grain boundary limited transport. 
